Physics 54 

Optical Instruments 



If automobiles had followed the same development cycle as the computer, a Rolls-Royce would 
today cost $100, get a million miles per gallon, and explode once a year, killing everyone inside. 

— Robert Cringley 



Cameras and projectors 

The camera is essentially a dark box {camera oscuro = dark room) into which light is 
passed through a lens, forming a real image on the back wall where a light sensitive 
substance (photoelectric material) is placed. The prototype is shown. 



The camera is "focused" (so that the image forms in the right place) by manipulating 
the lens, either by moving it back and forth or by changing its focal length. 

Usually the object is beyond 2/ distance, and the image distance is between /and 2/, so 
the image is reduced. Special close-up cameras can focus on objects at 2/ or closer. 

The projector is a camera in reverse. The object is an illuminated transparency, placed 
between/and 2/ distance. The image is formed on a screen at distance greater than 2/, so 
it is enlarged (and inverted relative to the object). 



The eye is like a small camera, with the cornea-lens system playing the role of the 
camera lens and the retina playing the role of the film. 

Shown below is a drawing of the eye. 




Image 



The eye 
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The cornea is a basically spherical transparent cap which provides most of the focusing 
power. Behind the cornea is a watery fluid called the aqueous humor, leading through 
the opening called the pupil (whose size is controlled by the iris) to the lens, a jelly-like 
object which serves as a fine-tuning device; its shape can be changed to increase or 
decrease the focusing power by means of muscles to which it is attached. 

After light passes through the lens, it moves through the vitreous humor, another 
watery fluid, and is focused on the retina. This is a membrane with nerves ending in 
light-sensitive rods and cones. 

The macula, and especially the tiny fovea at its center, is the most sensitive part of the 
retina. This is where the image is formed of the object of interest, and the eyeball is 
turned to make that object focus on the fovea. The rest of the retina provides 
surrounding background of less interest, not very well in focus. 

When the muscles controlling the lens are relaxed, its shape is nearly flat, giving little 
effect on focusing. To focus on nearby objects, the muscles contract and make the lens 
bulge. This action, called accommodation, shortens the focal length of the system. In a 
young adult it allows focusing on objects as close as about 25 cm. In older people this 
ability diminishes, and external positive lenses are frequently used as "reading" glasses 
to provide accommodation for nearby objects. 

When the lens muscles are relaxed, the eye should focus properly on distant objects. 
Common defects occur when the image falls in front of the retina {myopia) of behind it 
(presbyopia). Eyeglasses are commonly used to compensate for these conditions. In 
recent times reshaping the cornea by use of lasers has become a popular way to correct 
these defects. 
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The simple magnifier 



Under ordinary daylight conditions the limit of a normal eye in resolving nearby objects 
is about 1 minute of arc, or about 0.0003 rad. This is called the acuity of the eye. If two 
point objects are at the near point (25 cm) they must be no less than about 0.075 mm 
apart if the viewer is to distinguish them as separate objects. 

To be able to resolve finer detail than this, the eye needs help. The simplest device for 
this purpose is a positive lens, with the object placed closer than the focal point so that a 
virtual image is formed at the eye's near point. In effect, this allows the object to be 
closer to the eye than the near point and still form a good image on the retina. 

As with all instruments where the ultimate image is formed by the eye, the magnifying 
power is determined by how large the retinal image is when the instrument is used, 
compared to how large that image is without the instrument. The size of the image on 
the retina is determined by the angular separation between rays from the top and 
bottom of the object as they pass through the center of the pupil, so the magnification is 
determined by how much that angular separation increases when the instrument is 
used. The relevant ratio is called angular magnification. 

To get the largest magnification, we assume the magnifier is used with the lens directly 
in front of the eye, with the virtual image formed at the viewer's near point. The 
situation is as shown. 




Image 



Without the magnifier the object would need to be placed at the near point to focus on 
it. Thus the magnifying power (the angular magnification) is the same as the lateral 
magnification, m^-qlp. 



Taking q = -25 cm, we find 



i-i J_ 

p~/^25 



and therefore 



m = hi 

/ 
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(To use this formula, /must be in cm, of course.) Typical values for /are 5 to 10 cm. 
Shorter focal lengths entail significant spherical aberration, which requires restricting 
the field of view. 

The refracting telescope 

A telescope is used to give an enlarged image of a distant object. We will assume the 
object is very far away, so that the rays from any point in it are essentially parallel as 
they enter the telescope. This means that the (real) image formed by the first lens — 
called the "objective" — is located at the focal point of that lens. This real image is then 
magnified by the second lens — called the "ocular" or "eyepiece" — acting as a simple 
magnifier to form a virtual final image. 

The eye of the viewer is relaxed to see a final image located essentially at infinite 
distance, so the lenses are adjusted as shown, with the focal points of the two lenses 
coinciding. 




We assume that the ray from the bottom of the object passes along the axis and is 
unaffected by the telescope. The ray from the top of the object makes angle a with this 

ray. Without the telescope the angular size of the object would be a . 

Rays from the top of the object pass through the center of the objective lens undeviated 
and form part of the real image at the focal point of that lens. Light from that real image 
then passes through the eyepiece. Shown is a ray that passes through the center of that 
lens. (It is not a continuation of the first ray; rays do not suddenly bend in empty space.) 
Since it came from the part of the image representing the top of the object, it is seen by 
the viewer as coming from that point in the (inverted) final image. The angular size of 
that image is thus a' as shown. The angular magnification is a' / a . 

From the right triangles in the diagram, using small angle approximations, we see that 

« fe ' 

This number is typically around 10 or less. 

Making the objective's focal length larger requires a longer telescope. Making the eyepiece's focal length 
smaller brings in spherical aberration. These give practical limits on the useful angular magnification. 
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Because the image is inverted, this kind of telescope is rarely used for viewing objects 
on earth. In telescopes for terrestrial use, some device (typically a prism) is used to 
invert the intermediary image so the final image will be erect. Ordinary binoculars are a 
pair of such telescopes. 

An older instrument, called the Galilean telescope, employs a negative lens as eyepiece, resulting in an 
erect image. Small opera glasses are usually pairs of these. 

Instead of a positive lens for the objective, one can use a positive mirror, giving a 
telescope of the type invented by Newton. This is done for better quality astronomical 
telescopes. One reason for preferring a mirror is that if its surface is paraboloidal (rather 
than spherical) then spherical aberration is avoided and the mirror can be made very 
large, allowing acceptance of more light. A second reason is that a mirror has no 
chromatic aberration, since the focal point of a mirror is independent of the frequency of 
the light. 

The microscope 

A microscope also uses two lenses, but since the object can be placed as close as desired, 
one can get enlarged images from both lenses and thus higher magnification. 

In this case the objective has a short focal length and the object is placed a bit beyond its 
focal point. This gives an enlarged real image inside the microscope tube. The eyepiece 
is again used as a simple magnifier, this time producing a virtual image at the viewer's 
near point. The situation is as shown. 




The angular magnification is complicated, but an approximate formula is useful: 

a' _ 251 

« fofe 

Distances are in cm, of course. The length i of the microscope is typically 20 cm. 

The eyepiece's focal length is as usual a few cm. High magnification is obtained by 
making the objective's focal length quite small, typically a few mm. To avoid serious 
problems with spherical aberration, one must then "stop down" the objective, letting 
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light through only a small area near the center of the lens. This reduces brightness. It 
also increases the angular half -width of the diffraction patterns (to be discussed later), 
resulting in reduced resolution. For these reasons there is a practical limit of about 1000 
on the magnifying power of an optical microscope. 

To get higher magnifications, these days one uses electron microscopes. The "lenses" are 
E-field configurations. The wavelength is the de Broglie wavelength of the electron (to 
be discussed later), which depends inversely on the momentum. It is easy to get 
wavelengths of a few nm or less. The problem with diffraction is much less severe at 
these short wavelengths, so magnifications of 10^ or more are obtainable. 
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